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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder that affects the aging
population. A progressive loss of motor neurons in the spinal cord and brain leads to muscle paralysis
and death. As in other common neurodegenerative diseases, aging-related mitochondrial dysfunction
is increasingly being considered among the pathogenic factors. Mitochondria are critical for cell
survival: they provide energy to the cell, buffer intracellular calcium, and regulate apoptotic cell
death. Whether mitochondrial abnormalities are a trigger or a consequence of the neurodegenerative
process and the mechanisms whereby mitochondrial dysfunction contributes to disease are not clear
yet. Calcium homeostasis is a major function of mitochondria in neurons, and there is ample evidence
that intracellular calcium is dysregulated in ALS. The impact of mitochondrial dysfunction on
intracellular calcium homeostasis and its role in motor neuron demise are intriguing issues that
warrants in depth discussion. Clearly, unraveling the causal relationship between mitochondrial
dysfunction, calcium dysregulation, and neuronal death is critical for the understanding of ALS
pathogenesis. In this review, we will outline the current knowledge of various aspects of
mitochondrial dysfunction in ALS, with a special emphasis on the role of these abnormalities on
intracellular calcium handling.
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1. Introduction

Mitochondria are essential organelles for every cell as the powerhouse to provide ATP for a
multitude of cellular processes. They are also the hub of metabolic pathways, primary sources
of reactive oxygen species, regulators of apoptosis, and buffers of intracellular calcium. Simply
put, mitochondrial function is central to cellular life and death. Mitochondrial dysfunction is
well documented in a wide variety of age-related neurodegenerative disorders, including
amyotrophic lateral sclerosis (ALS). In ALS, degenerating motor neurons (MNSs) in the spinal
cord show abnormal mitochondrial morphology, bioenergetics, calcium handling, organelle
transport and dynamics, before or at the time of paralysis onset. Description of these
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mitochondrial abnormalities have been extensively documented and reviewed previously
(Bacman et al., 2006; Hervias et al., 2006; Magrane and Manfredi, 2009; Shi et al., 2009). In
this article, we will first briefly review some of the more recent advances on the mitochondrial
involvement in ALS, and then we will focus on mitochondrial handling of calcium for
maintenance of intracellular calcium homeostasis, and its relevance to the pathogenesis of ALS.
Intracellular calcium dysregulation is recently receiving increasing attention in the field of
aging-related neurodegenerative disorders, because it represents a potential link among
converging pathogenic pathways, from signaling to bioenergetic failure and apoptosis. The
widespread consequences of calcium dysregulation can extend, not only within the intracellular
domain, but also to intercellular communication, at the tissue and organ levels.

2. Amyotrophic lateral sclerosis

ALS is characterized by selective and progressive degeneration of MNs in the spinal cord and
brain, leading to weakness, atrophy, and paralysis of voluntary muscles. ALS is an adult onset
disease, affecting men and women of all races in their 50s and 60s, with incidence increasing
with age. The disease progression is very aggressive with fatal outcome usually within 5 years
of onset. Currently, there are no effective cures and very few treatments are available for this
devastating MN disease.

The majority of ALS cases are sporadic, with no known etiology, but in 10% of the cases, the
disorder is inherited. Mutations in Cu,Zn,superoxide dismutase (SOD1) are the most common
and constitute about 20% of familial ALS (fALS) cases (Rosen et al., 1993). More than one
hundred SOD1 mutations result in fALS, whose clinical and pathological features are very
similar to those of sporadic ALS. SOD1 is a ubiquitously expressed abundant enzyme that
converts superoxide to hydrogen peroxide and thus protects cells against oxidative stress. In
SOD1-fALS, a toxic gain-of-function of the mutant protein is pathogenic, rather than an
enzymatic defect, because superoxide dismutase activity is not a disease determinant and the
mutations cause an autosomal dominant disease. Leading hypotheses for the toxic mechanisms
of mutant SOD1 include mitochondrial dysfunction, aberrant production of free radical species,
protein aggregation, neurofilament dysregulation, impaired axonal transport, glutamate
excitotoxicity, and proteasome dysfunction (Pasinelli and Brown, 2006; Rothstein, 2009). It
is likely that multiple mechanisms are involved, rather than a single one.

While there is still no consensus as to how mutant SOD1 causes selective toxicity to MNs, one
aspect that is apparent is that MN death is non-cell autonomous, and involves other cell types
in the vicinity of MNSs. In this respect, the involvement of astrocytes and microglia is well
documented, and mutant SOD1 expression in glial cells has been proposed to accelerate disease
progression (Boillee et al., 2006b; Yamanaka et al., 2008).

The development of multiple transgenic mouse lines expressing various mutant human SOD1
proteins that recapitulate MN degeneration in SOD1-fALS (Turner and Talbot, 2008) has
produced ample evidence of mitochondrial dysfunction (Bacman et al., 2006; Hervias et al.,
2006; Magrane and Manfredi, 2009; Shi et al., 2009). Recently, other genetic causes of fALS
have been identified, such as mutations in the 43kDa TAR DNA-binding protein (TDP-43)
(Kabashi et al., 2008; Sreedharan et al., 2008) and in fused in sarcoma (FUS) (Kwiatkowski
et al., 2009; Vance et al., 2009), which have stimulated new intriguing hypotheses for a role
of DNA/RNA binding proteins in the pathogenesis of ALS. However, studies on these proteins
are still at their infancies, and whether mitochondrial functions are affected in ALS associated
with these mutations is completely unexplored and is an important issue to be addressed in the
future for the understanding of etiology of ALS. Since to date most of our understanding of
mitochondrial dysfunction in ALS comes from studies of SOD1-fALS, in this article we
concentrate on the toxicity of mutant SOD1 to mitochondria.
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3. Mitochondrial abnormalities in ALS

As commonly observed in other aging-related neurodegenerative disorders, like Alzheimer
and Parkinson diseases, also in ALS, mitochondria display various abnormalities (summarized
in Table 1). Importantly, in the mutant SOD1 mouse model, mitochondrial abnormalities
appear before symptoms of paralysis and MN degeneration manifest, suggesting that they are
actively involved in disease pathogenesis. Morphological abnormalities in the form of swollen
and vacuolated mitochondria of MNs were recognized early and have been described
extensively in mutant SOD1 transgenic mice (Dal Canto and Gurney, 1994;Doi et al.,
2008;Higgins et al., 2002;Higgins et al., 2003;Kong and Xu, 1998;Sasaki et al., 2005). Similar
abnormalities have been observed in human sporadic ALS tissue (Hirano et al., 1984;Sasaki
and Iwata, 1996,2007), highlighting commonalities between sporadic and familial ALS
pathogenesis. At the time of disease onset, mitochondrial respiration and ATP synthesis are
defective in brain and spinal cord of G93A mutant SOD1 transgenic mice (Jung et al.,
2002;Kirkinezos et al., 2005;Mattiazzi et al., 2002). In addition, mitochondria may be involved
in the apoptotic execution of diseased MNs (Guegan et al., 2002;0h et al., 2006;Pasinelli et
al., 2000;Wootz et al., 2004), but nonapoptotic death has also been described in SOD1-fALS
(Martin et al., 2007). While manipulation of proteins that modulate apoptosis have some
beneficial impact on disease phenotype (Friedlander et al., 1997;Gould et al., 2006;Kieran et
al., 2007;Vukosavic etal., 2000;Wootz et al., 2006), in some cases, inhibiting caspase-mediated
apoptotic pathways had no effect (Kang et al., 2003). Defects in axonal transport of
mitochondria have also been described in SOD1-fALS. These abnormalities are likely to play
a role in impaired mitochondrial localization at crucial cellular sites, such as synapses and
Ranvier nodes, thus contributing to the denervation process (De Vos et al., 2008;Magrane and
Manfredi, 2009;Shi et al., 2009).

Mitochondrial defects are also present in muscle, where weakness and atrophy develop as a
result of MN denervation. In ALS patients, decreased respiratory chain activity in skeletal
muscle was reported (Vielhaber et al., 2000; Vielhaber et al., 1999; Wiedemann et al., 1998).
Up-regulation of uncoupling protein 3 in the skeletal muscle, but not spinal cord, implied a
muscular mitochondria specific metabolic defect from human and SOD1-fALS mouse model
(Dupuis et al., 2003). Oxidative damage and compensatory SOD1 enzyme upregulation was
also observed in mutant SOD1 skeletal muscle (Mahoney et al., 2006). Moreover, transgenic
mice expressing mutant SOD1 exclusively in the skeletal muscle develop progressive muscle
weakness, pathologically characterized by alterations in the contractile apparatus and
mitochondrial dysfunction (Dobrowolny et al., 2008). These reports indicate that defective
muscle mitochondria play a direct role in muscle degeneration during ALS progression.

4. How does SOD1 affect mitochondria?

SOD1, which is a predominantly cytosolic protein, also localizes to mitochondria (Higgins et
al., 2002; Higgins et al., 2001; Jaarsma et al., 2001; Mattiazzi et al., 2002; Okado-Matsumoto
and Fridovich, 2001). The consensus on the sub-mitochondrial localization is that SOD1 is in
the intermembrane space (IMS); however, mutant SOD1 accumulation on the outer membrane
(OM) (Liuetal., 2004; Pasinelli etal., 2004; Vande Velde et al., 2008) and matrix (Vijayvergiya
et al., 2005) has also been reported.

Recently, we reported that mammalian SOD1 localization in mitochondria is dependent on
oxygen concentration and its interaction with its copper chaperone CCS (Kawamata and
Manfredi, 2008). CCS is imported by a disulfide relay system in a respiratory chain dependent
manner, and mitochondrial CCS levels modulate SOD1 levels in mitochondria (Kawamata and
Manfredi, 2008; Reddehase et al., 2009). Mutant SOD1 is relatively insensitive to physiological
regulation and dominated by misfolding and aggregation (Kawamata and Manfredi, 2008) that
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are likely to involve intermolecular disulfide linkages (Cozzolino et al., 2009; Deng et al.,
2006; Ferri et al., 2006).

Wild type SOD1 in the IMS may provide antioxidant activity to remove superoxide produced
as a result of respiratory chain activity on the IMS side, which is inaccessible to the matrix
residing MnSOD. On the other hand, mitochondrial localization of mutant SOD1 has been
correlated with detrimental consequences on mitochondrial function (Ferri et al., 2006; Son et
al., 2007). Targeting mutant SOD1 specifically to the IMS also resulted in mitochondrial
dysfunction in cultured neuronal cells (Cozzolino et al., 2009; Magrane et al., 2009), while
targeting to the matrix caused apoptosis (Takeuchi et al., 2002). The targets of mutant SOD1
in mitochondria are not fully characterized, but defects in the activity of complex IV of the
respiratory chain have been consistently described (Jung et al., 2002; Mattiazzi et al., 2002;
Son et al., 2008; Son et al., 2007). These defects could be attributed to impaired association of
cytochrome c with the inner membrane (Kirkinezos et al., 2005), competition for mitochondrial
copper supply between mutant SOD1 and complex IV (Horn et al., 2008), or inhibition by
excess NO production (Arciello et al., 2009).

Mutant SOD1 could also cause mitochondrial damage from the outside, because the OM houses
many proteins important for mitochondrial morphology, dynamics, transport, and protein
import. Recent studies showed impaired mitochondrial transport along axons causing
mitochondrial dysfunction and mislocalization (De Vos et al., 2007; Magrane et al., 2009;
Sotelo-Silveira et al., 2009). These defects could result from aberrant interactions between
mutant SOD1 and motor and cargo adapter complexes, such as dynein (Zhang et al., 2007).
Other examples of potential interference of mutant SOD1 on the OM include interactions with
the anti-apoptotic protein Bcl2 (Pasinelli et al., 2004) and the precursor of mitochondrial lysyl-
tRNA synthetase (Kawamata et al., 2008). It has also been proposed, but not yet demonstrated,
that accumulation of mutant SOD1 on the OM might interfere with the import of mitochondrial
proteins (Boillee et al., 2006a; Liu et al., 2004; Vande Velde et al., 2008). Figure 1 summarizes
the putative sites and mechanisms of action of mutant SOD1 on mitochondria.

5. Mitochondrial calcium handling defects in ALS

Mitochondrial dysfunction in mutant SOD1 mice can affect bioenergetics in many ways. In
addition to deficient ATP output and increased ROS production, a particularly severe
consequence of defective mitochondrial function is impaired calcium handling (Fig. 1). There
are several lines of evidence that mitochondrial calcium handling is impaired in fALS. Our
group has demonstrated defective calcium uptake in isolated mitochondria from mutant SOD1
affected tissues, such as brain and spinal cord, but not in unaffected liver (Damiano et al.,
2006). Recently, abnormal calcium-induced mitochondrial membrane depolarization has been
observed in motor terminals of transgenic mice (Nguyen et al., 2009). In addition,
mitochondrial calcium handling defects have been shown in organotypic brainstem slices
(Jaiswal and Keller, 2009) and cultured neuronal cells (Jaiswal et al., 2009). Mitochondrial
calcium handling impairment could contribute to abnormally high intracellular calcium levels
(Carrietal., 1997;Kruman et al., 1999) and makes ALS MNSs vulnerable to degeneration (Kim
etal., 2007;Kimetal., 2002). Consistent with the involvement of muscle mitochondria in fALS,
in skeletal muscle of mutant SOD1 mice, depolarized mitochondria were localized to
neuromuscular junctions, and were accompanied by hyperactive calcium release from the
sarcoplasmic reticulum (Zhou et al., 2009).

In the following sections, we will outline the role of mitochondria in intracellular calcium
homeostasis and the potential detrimental effects of impaired mitochondrial calcium handling
in ALS.
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6. Role of mitochondria in intracellular calcium homeostasis

Calcium is a universal intracellular signaling molecule that regulates many pathways critical
to cell survival. This versatile intracellular signal for control of physiological processes is
generated by transient elevation of cytosolic calcium (Clapham, 1995). For this purpose, cells
maintain a tightly controlled resting cytosolic free calcium concentration of ~100nM by
extruding excess calcium by plasma membrane pumps and exchangers, and by
compartmentalizing calcium in the endoplasmic reticulum (ER; 100-800uM range) and
mitochondria (Fig. 2).

Mitochondria at rest have low free calcium (~100nM) and at baseline cytosolic calcium
concentration is below the setpoint for mitochondrial uptake. However, mitochondria can take
up calcium up to millimolar concentrations through the activity of the calcium uniporter, when
cytosolic calcium rises significantly in the micromolar range (Montero et al., 2000). Calcium
uptake through the uniporter is dependent upon mitochondrial membrane potential, and it is
accompanied by transient mitochondrial depolarization (Duchen, 2000).

Mitochondrial calcium uptake increases oxidative phosphorylation under physiological
conditions (Jouaville et al., 1999) through activation of calcium-sensitive dehydrogenases of
the Krebs cycle and pyruvate dehydrogenase (Hansford, 1991). Thus, it is speculated that
calcium transfer from cytosol to mitochondria acts as a signal coupling ATP supply with
demand. Calcium is also critical for the regulation of mitochondrial movement along axons.
Neuronal mitochondria transition between mobile and stationary states in response to
intracellular calcium (Yi et al., 2004). It is thought that this mechanism helps retaining
mitochondria in presynaptic terminals and postsynaptic dendritic spines, where calcium influx
is dynamic and homeostasis maintenance is heavily required. In these regions, mitochondria
directly buffer calcium and provide ATP for plasma membrane calcium exchangers. It was
recently determined that the EF-hand calcium binding domain of Mirol1, a member of the
subfamily of mitochondrial rho GTPases, is a calcium sensor for the regulation of
mitochondrial motility that may serve to localizing mitochondria at sites of demand (Macaskill
et al., 2009; Saotome et al., 2008; Wang and Schwarz, 2009). As discussed above, mutant
SOD1 impedes correct mitochondrial transport. Whether mutant SOD1 hinders the normal
calcium signaling to Mirol and its interactions with other components of the transport
machinery, such as kinesin or dynein motors and cargo adaptors, thereby disrupting the
regulation of mitochondrial motility, remain to be further explored.

7. Mitochondrial calcium overload and cell death

Under physiological conditions, mitochondrial calcium levels are maintained through calcium
cycling between cytosol and matrix through the uniporter and Na/Ca exchanger activities. In
addition, large amounts of calcium can be found in the form of precipitates in the matrix
(Chinopoulos et al., 2003). Calcium overload occurs when mitochondria are exposed to matrix
calcium concentration exceeding their capacity, and may result in membrane de-energization,
ROS production (Fig. 2), and ultimately permeability transition (mPT). mPT is a sudden
increase of inner membrane permeability to ions and solutes, resulting in dissipation of
membrane potential, loss of ATP synthesis and ion homeostasis, and diffusion of solutes
(Hunter and Haworth, 1979).

Mitochondrial calcium overload is associated with activation of cell death pathways (Bernardi,
1999; Takuma et al., 2004) and is observed in many pathological conditions (Honda and Ping,
2006; Norenberg and Rao, 2007). The mechanisms of calcium overload are not entirely clear,
but it is likely that defects in mitochondrial bioenergetics, such as those found in mutant SOD1
mitochondria, can decrease their ability to handle calcium and sensitize them to overload.
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Theoretically, defects of the mitochondrial Na/Ca exchanger could also be involved in causing
calcium overload in ALS mitochondria, although this putative mechanism has not yet been
directly explored. Another potential factor contributing to calcium overload could be the
functional and physical link between mitochondria and ER. Transfer of calcium from the large
stores in the ER to mitochondria depends on the position of the two organelles, and is thought
to occur at calcium hotspots, which are sites where ER and mitochondrial membranes are in
close contact (Rizzuto et al., 1999). It has been shown that shorter distance between the two
organelles results in increased mitochondrial calcium accumulation upon ER calcium release
and cell death (Csordas et al., 2006). Since mutant SOD1 accumulates in ER (Kikuchi et al.,
2006; Urushitani et al., 2006) and mitochondrial (Liu et al., 2004) membranes, in mutant cells
the structure of these calcium hotspots could be altered leading to abnormal calcium signaling.

Activation of cell death by mitochondrial calcium overload involves the opening of the
mitochondrial permeability transition pore (mPTP), release of cytochrome ¢, and downstream
activation of apoptosis. Cytochrome c released into the cytosol can propagate apoptotic
signaling by binding to the inositol triphosphate receptor on the ER to desensitize the
autoinhibition of the receptor by calcium, and cause further calcium release from ER stores
(Boehning et al., 2003). Ablation of cyclophilin D (CypD) delays the occurrence of mPT
(Basso et al., 2005) and has a protective effect against neuronal death in models of ischemia
(Baines et al., 2005; Schinzel et al., 2005). In ALS, it was reported that the deletion of CypD
in the G93A mutant SOD1 mice delays disease onset and extends lifespan (Martin et al.,
2009). Furthermore, two studies in mutant SOD1 mice using the immunosuppressant
cyclosporin A, which binds to CypD to inhibit mPTP, suggests that inhibition of MPTP may
be of benefit to ALS (Keep et al., 2001; Kirkinezos et al., 2004).

Another mechanism whereby calcium can participate to the activation of cell death pathways
is by stimulating mitochondrial reactive oxygen species (ROS) production. ROS can be
damaging to proteins, lipids, and DNA, and oxidative stress is a common feature of aging-
related diseases, including ALS (Lin and Beal, 2006). Mitochondrial dysfunction increases
ROS production (Wei et al., 1998) and so does calcium influx in mitochondria (Petrosillo et
al., 2004). High mitochondrial calcium can enhance cytochrome c release through a mechanism
involving ROS-mediated oxidation of cardiolipin (Iverson and Orrenius, 2004). Oxidized
cardiolipin changes its physical properties (Vercesi et al., 1997), resulting in cytochrome ¢
release. Lipid peroxidation (Mattiazzi et al., 2002) and dissociation of cytochrome ¢ from the
mitochondrial inner membrane (Kirkinezos et al., 2005) have been reported in mutant SOD1
mice. Finally, intracellular calcium dysregulation may also be linked to necrotic death of
neurons (Nicholls et al., 1999).

8. Calcium and excitotoxicity in ALS

ALS mitochondria are susceptible to calcium overload and calcium-induced damage that lead
to MN death (Fig. 3). Conditions that favor elevated intracellular calcium levels contribute to
mitochondrial toxicity. Intracellular calcium rises in MNs primarily through the activation of
voltage gated channels or ionotropic receptors. Glutamate is the primary neurotransmitter
involved in MN excitation. Glutamate receptor over-activation resulting in extended elevation
of cytosolic calcium is one of the leading contenders as the triggering cause of ALS (Rothstein,
1996). In support of this hypothesis, increased glutamate levels were found in the cerebrospinal
fluid of ALS patients (Rothstein etal., 1990), but other studies found it decreased in some areas
of the CNS (Perry et al., 1987;Tsai et al., 1991).

MNs express ionotropic (AMPA, NMDA, kainite) and metabotropic glutamate receptors, but

are particularly sensitive to glutamate excitotoxicity exerted through AMPA receptors
(Carriedo et al., 1996) with relatively few GIuR2 subunits, which causes increased calcium
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permeability. Defective RNA editing of GIuR2 has been shown to increase calcium
permeability in MNs (Kawahara et al., 2004). Interestingly, GIuR2 expression in MNs appears
to be regulated by astrocytes and provides protection against glutamate/ AMPA-mediated
excitotoxicity. This protective effect is lost when mutant SOD1 is expressed in astrocytes (Van
Damme et al., 2007).

Alternatively, mutant SOD1 may expose MNs to high intracellular calcium levels by impairing
calcium extrusion from the cytosol. It was found that the influx of calcium through AMPA
receptors or voltage-activated calcium channels in mutant SOD1 MNs did not differ from
controls, but mutant SOD1 MNs had slower cytosolic calcium clearance resulting in higher
intracellular calcium (Guatteo et al., 2007).

Mutant SOD1 expressing astrocytes also contribute to glutamate excitotoxicity (Fig. 3).
Reduced levels of astrocytic glutamate transporters (GLT1 and EAAT2, for mouse and human,
respectively) have been consistently reported, both in ALS patients and fALS mouse models
(Bendotti et al., 2001;Howland et al., 2002;Rothstein et al., 1995). Reduced astrocytic
glutamate transporters are thought to cause persistent glutamate presence in the ALS synapse,
since these transporters partake in the majority of glutamate clearance in the CNS. Decreased
levels of astrocytic glutamate transporters may be caused by oxidative damage of the protein
or by caspase-mediated cleavage (Boston-Howes et al., 2006; Trotti et al., 1999).

9. Role of astrocytic calcium in ALS

Altered calcium handling in mutant SOD1 mitochondria has been demonstrated by biochemical
methods in brain or spinal cord preparations, where cell type specific defects cannot be isolated.
As mentioned earlier, some studies have shown mitochondrial calcium abnormalities in
isolated MNs. However, the role of glial cells in SOD1-fALS is well established and it is
necessary to consider the pathogenic potential of calcium dysregulation in these cells.
Astrocyte-MN co-culture studies have shown toxic effects of mutant SOD1 expressing
astrocytes on MN viability. This toxicity involved impaired calcium homeostasis maintenance
in MN (Bilsland et al., 2008), as well as excessive productions of ROS (Cassina et al., 2008;
Marchetto et al., 2008). However, it is not clear yet whether calcium signaling abnormalities
in mutant SOD1 astrocytes are responsible for the changes observed in co-cultured MNs,
because intracellular calcium homeostasis in general, and mitochondrial calcium handling in
particular, have not been investigated in mutant SOD1 astrocytes.

Considering the fundamental role of astrocytes in the “tripartite” synapse in regulating neuronal
transmission (Perea and Araque, 2005), there are several astrocytic functions that could be
affected in ALS, resulting in MN toxicity. In the CNS, calcium can be transmitted across
astrocytes, in the form of inter-cellular calcium waves. Recently, rare events of inter-cellular
calcium waves originating from astrocytes near amyloid-f plaques were demonstrated in a
model of Alzheimer's disease, but not in control mice. This was the first example of inter-
cellular calcium wave recording in vivo, and suggested a pathogenic signaling role for these
events (Kuchibhotla et al., 2009). This kind of novel neurophysiological studies has not yet
been applied to ALS. By buffering calcium, mitochondria can regulate the speed of propagation
of intracellular calcium waves (Boitier et al., 1999) and thereby modulate the release of
signaling molecules, such as ATP, IP3, and calcium itself, that determine inter-cellular
propagation of the stimulus. Furthermore, glutamate release from astrocytes by exocytosis is
calcium-dependent and is directly regulated by mitochondrial function (Reyes and Parpura,
2008). Therefore, mitochondrial bioenergetic impairment in mutant SOD1 mitochondria
(Cassina et al., 2008) might result in a defect in calcium wave buffering and accelerated waves
that propagate among astrocytes as well as increased glutamate release, resulting in
excitotoxicity to MNs (Fig. 3).
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10. Perspectives and conclusions

Despite the wealth of evidence supporting the involvement of mitochondria in ALS, the
question still remains of whether mitochondrial dysfunction represents a trigger or a target.
There are several possibilities to start addressing this issue experimentally. One way to
approach the direct role of mitochondrial dysfunction in the pathogenesis of SOD1-linked
fALS is to direct the mutant protein specifically to mitochondria. These studies have been
performed in cultured neuronal cells (Cozzolino et al., 2009; Magrane et al., 2009), as
mentioned above, and they are also being currently performed by our group in transgenic mice.
One limitation of this approach is that it only addresses the pathogenic role of mutant SOD1
localized in mitochondria and it may fail to detect the pathogenic contribution of mitochondrial
defects originating outside of the organelles. For example, mitochondria may be affected by
extra-mitochondrial mutant SOD1 interfering with axonal transport, mitochondrial protein
import, or with intracellular signaling modulating mitochondrial biogenesis. Nevertheless,
investigating ALS models initiating in mitochondria may help determine the need to include
therapies that specifically target mitochondrial dysfunction.

Our understanding of mitochondrial involvement in ALS is currently limited mostly to SOD1-
linked fALS, and it is not certain that the pathogenic mechanisms involving mutant SOD1 in
mitochondria may be extended to other forms of fALS or sporadic ALS. The latter represent
the overwhelming majority of ALS cases, but our ability to investigate the mitochondrial
involvement in sporadic ALS is clearly hampered by the lack of understanding of the
underlying causes and of appropriate disease models. Most of the available information
originates from post-mortem studies, where mitochondrial abnormalities may represent a
terminal feature of cell degeneration, without etiological significance. The fast developing
human induced pluripotent stem (iPS) cell technology (Di Giorgio et al., 2007) will provide
ALS researchers with valuable tools to investigate mitochondrial dysfunction in cells derived
from patients affected by both sporadic and hereditary forms of the disease.

Even in the context of well-characterized disease models, such as mutant SOD1 mice, there
are still several challenges that need to be faced to understand the contribution of mitochondrial
dysfunction. We still don't know if cellular ATP depletion could arise from defective
mitochondrial ATP synthesis, and whether this has any pathogenic significance, or whether
other aspects of bioenergetic failure, such as defective calcium handling, have a more critical
role. In this review, we have highlighted the potentially detrimental consequences of impaired
mitochondrial calcium handling in neurons and other cells involved in ALS. More work is
needed in the SOD1-fALS and other models of ALS to address the role of mitochondria in
specific cell types. It is clear that in ALS glial cell toxicity affects mitochondria in MNs, but
whether glial mitochondria are also defective and whether this causes toxicity to MNs remain
to be investigated.

Understanding the molecular and biochemical basis of mitochondrial dysfunction in ALS is
in tall order, but it is of great importance, because it may explain the mechanisms of
mitochondrial toxicity and cell death. ATP depletion would suggest that cellular demise might
depend on necrotic mechanisms, whereas calcium dysregulation would indicate that cells might
degenerate through apoptotic processes. Clearly, identifying the different modalities of cell
death would be useful for deciding therapeutic priorities and strategies.
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Mitochondrial abnormalities in SOD1-fALS.

The potential toxic effects of mutant SOD1 to mitochondria (indicated by black jagged
symbols) are numerous. See also table 1 for a detailed list of reported mitochondrial
abnormalities. Mitochondrial morphological abnormalities, including fragmentation and
swelling due to expansion of the IMS, may involve interactions with proteins involved in
mitochondrial fusion and fission, protein import, or Bcl proteins. Abnormalities of axonal
transport of mitochondria along microtubule axes may result from mutant SOD1 interference
with motors and cargo adaptors. Mutant SOD1 accumulation in mitochondria can affect
availability of copper necessary for cuproenzymes. Mutant SOD1 in mitochondria can induce
excess ROS and NO production. Mitochondrial mutant SOD1 can reduce association of
cytochrome c with the 1M, and enhance its release thereby activating caspase-dependent cell
death. Mutant SOD1 reduces mitochondrial ATP synthesis, respiration, and electron transport
chain (ETC) complex activities, especially complex 1V. Decreased mitochondrial membrane
potential can impair calcium uptake through the mitochondrial uniporter. Mutant SOD1 can
causes sensitivity to mPTP opening resulting in release of ions and solutes.
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Figure 2.

Mechanisms of intracellular calcium homeostasis and signaling.

Calcium enters cells from the extracellular space via calcium channels, including store-
operated, ligand- and voltage-gated channels. In addition, intracellular calcium rises in
response to metabotropic receptor stimulation, for example by glutamate or ATP, and
production of IP3, which activates 1P3 receptors (IP3R) or ryanodine receptors (not shown in
figure) on the ER. IP3R activation induces calcium release from the ER stores, which contain
high calcium concentrations because of the activity of SERCA pumps. Calcium is taken up by
mitochondria through the membrane potential-dependent activity of the uniporter. Calcium
transfer from ER to mitochondria can occur directly through “hotspots” localized on juxtaposed
ER/mitochondrial membranes (indicated by dashed ovals). Mitochondrial calcium is extruded
by the exchange with sodium by the mitochondrial Na/Ca exchanger. Under mitochondrial
permeability transition conditions, stimulated by high calcium and reactive oxygen species
(ROS), calcium, along with other solutes, is released through the mPTP. Cytosolic calcium is
extruded by the Na/Ca exchanger (NCX) and the plasma membrane calcium ATPase (PMCA).
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Involvement of calcium dysregulation in ALS.

In the ALS spinal cord, multiple cell types, including MNs and astrocytes, are involved in the
disease. The black jagged symbols indicate potential sites of mutant SOD1 toxicity. MNs are
particularly vulnerable to increased cytosolic calcium due to low levels of calcium binding
proteins and enhanced permeability to calcium through AMPA receptors that contain few
GIuR2 subunits. Calcium uptake defects mitochondria can cause extended intracellular calcium
exposure. In MNs, this may contribute to excitotoxicity, impaired mitochondrial transport,
permeability transition, and apoptosis. Mitochondrial bioenergetic dysfunction contributes to
increased intracellular calcium, thereby propagating a vicious cycle of calcium dysregulation
and cellular damage. Additionally, defective mitochondrial calcium uptake in afferent neurons
or astrocytes may result in excessive glutamate release in excitatory synapses. ALS astrocytes
have low glutamate transporter (EAAT2) expression, which exacerbates glutamate
excitotoxicity. Increased intracellular calcium in astrocytes can also result in excessive
propagation of intercellular calcium waves, either through gap junctions or through opening
of hemichannels. The resulting extracellular release of modulatory molecules, such as ATP,
induces intracellular calcium rise through activation of metabotropic receptors on neighboring
cells, and propagates the wave. Furthermore, muscle mitochondrial calcium handling defects
can also play a role in muscle degeneration.
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Reported mitochondrial abnormalities in ALS. The types of mitochondrial changes and the model system or
patient's tissue, in which they were found, are indicated. The findings listed at the bottom of the table refer to
mitochondrial changes induced by mutant SOD1 specifically targeted to mitochondria. NO, nitric oxide; ETC,
electron transfer chain; lysRS, lysyl-tRNA sythetase; UCP3, uncoupling protein 3.

Mitochondrial abnormalities

Tissue and disease model

References

Swollen and vacuolated mitochondria

Aggregated and swollen mitochondria

Swollen and fragmented mitochondria

Decreased oxygen consumption
Decreased ATP synthesis

Reduced ETC activity, respiration, mitochondrial
redox state alteration

Reduced ETC activity, respiration, ROS production

Reduced ETC activity, complex IV

Complex IV assembly defect
Decreased complex 11, complex IV activities
Decreased complex IV activity involving NO

Apoptosis activation
Mitochondrial axonal transport defect
Mislocalization of mitochondria

Mutant SOD1 aggregation in mitochondria

Mutant SOD1 aggregation in mitochondria
Mitochondrial protein import of lysRS

Calcium uptake defect

Prolonged calcium-induced membrane potential
depolarization

Calcium uptake defect

Impaired calcium stores in mitochondria
Mitochondrial calcium handling defect

Decreased respiratory chain activity
UCP3 upregulation

Oxidative damage, SOD1 enzyme upregulation

MN of mutant SOD1 mice

Post-mortem sporadic ALS
spinal cord

N2A and NSC34 cells

Brain, spinal cord, G93A
SOD1 mice

Brain, spinal cord, G93A
SOD1 mice

NSC34 cells

Mutant G93A mice, primary
astrocytes

Brain, spinal cord, G93A
SOD1 mice, G93AxCCS
mice

G93AxCCS mice
NSC34 cells
NSC34 cells

Mutant SOD1 mice, N2A
cells

Mutant G93A mice, primary
motor neurons

Mutant G93A mice, motor
axons

Mutant SOD1 mice, brain,
spinal cord

NSC 34 cells
COS cells

G93A and G85R mice, brain,
spinal cord

Mutant SOD1 mice, motor
nerve terminals

G93A mice, brainstem slice
SH-SY5Y cells
G93A mice, muscle

ALS patients, skeletal muscle

ALS patients, G93A mice,
muscle

Mutant SOD1 mice, skeletal
muscle

Dal Canto and Gurney, 1994; Kong and Xu, 1998;
Higgins et al., 2002; Higgins et al., 2003; Sasaki et al.,
2005; Doi et al., 2008

Sasaki and Iwata, 1996; Sasaki and Iwata, 2007

Menzies et al., 2002; Magrane et al., 2009

Jung etal., 2002; Kirkinezos et al., 2005; Mattiazzi et al.,
2002

Mattiazzi et al., 2002

Ferri et al., 2006

Cassina et al., 2008

Jung etal., 2002; Mattiazzi et al., 2002; Kirkinezos et al.,
2005; Son et al., 2007

Son et al., 2008
Menzies et al., 2002
Arciello et al., 2009

Pasinelli et al., 2000; Guegan et al., 2002; Wootz et al.,
2004; Oh et al., 2006

De Vos et al., 2007

Sotelo-Silveira et al., 2009

Higgins et al., 2001; Jaarsma et al., 2001; Okado-
Matsumoto and Fridovich, 2001; Mattiazzi et al., 2002;
Higgins et al., 2002; Liu et al., 2004; Pasinelli et al.,
2004; Vijayvergiyaetal., 2005; Deng et al., 2006; Vande
Velde et al., 2008

Ferri et al., 2006; Cozzolino et al., 2009
Kawamata et al., 2008
Damiano et al., 2006

Nguyen et al., 2009

Jaiswal and Keller, 2009
Jaiswal et al., 2009
Zhou et al., 2009

Wiedemann et al., 1998; Vielhaber et al., 1999;
Vielhaber et al., 2000

Dupuis et al., 2003

Mahoney et al., 2006
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Mitochondrial abnormalities

Tissue and disease model

References

Mitochondrial morphological abnormalities

Mutant SOD1 mice with
muscle specific SOD1
expression

Dobrowolny et al., 2008

Mitochondrial abnormalities

System & SOD1 targeted to
mitochondria

References

Induction of apoptosis
Axonal transport defect, mitochondrial depolarization

Abnormal morphology, caspase-3 activation

N2A cells, SOD1 targeted to
matrix

NSC34 cells, SOD1 targeted
to IMS

NSC34 cells, SOD1 targeted
to IMS

Takeuchi et al., 2002

Magrane et al., 2009

Cozzolino et al., 2009
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